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Secondary and tertiary structureThe gram-positive bacteria Corynebacterium pseudotuberculosis, the causative agent of caseous lymphadenitis in
livestock signiﬁcantly reduces productivity and often causes death. The adenine/guanine-speciﬁc DNA
glycosylase (MutY) prevents mutations in the DNA of the pathogen and a unique feature of the MutY protein
family is the [4Fe–4S]2+ cluster that interlinks two protein subdomains. MutY from C. pseudotuberculosis was
expressed in E. coli and puriﬁed, the CD experiments indicate a high content of α-helices and random coiled
secondary structure and a typical near-UV CD ﬁngerprint for the [4Fe–4S]2+ cluster. EDTA and copper sulfate
possess a strong destabilizing effect on the [4Fe–4S]2+ cluster. UV–vis and ﬂuorescence spectroscopy results
demonstrate that between pH 3.0 and 4.0 the integrity of the [4Fe–4S]2+ cluster is destroyed. To investigate
the thermal stability of the protein differential scanning calorimetry and ﬂuorescence spectroscopy were used
and the Tm was determined to be 45 °C. The analysis presented provides information concerning the protein
stability under different physio-chemical conditions.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Corynebacterium pseudotuberculosis (C. pseudotuberculosis) is a
gram-positive bacteriumwhich togetherwithmycobacterium, nocardia
and rhodococcus forms the ‘CMNR group’ of potential animal and
human pathogens [1]. C. pseudotuberculosis, a facultative intracellular
parasite is the causative agent of caseous lymphadenitis (CLA) in equids,
sheep and goats (biovar ovis) and also to a lesser extent in horses and
cattle (biovar and equus). Infection by C. pseudotuberculosis in sheep
and goats leads to considerable economic loss due to signiﬁcantly
reduced yields in wool and milk production, weight loss, carcass
condemnation anddeath due to the formation of abscesses in superﬁcial
and visceral lymph nodes and caseous necrosis of the lymphatic glandseactive oxygen species; RNS,
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55 17 32212460; fax: +55 17[2,3]. This pathogen is capable of survival and growth in macrophages
thus evading detection by the host immune system [4,5]. Infections
due to C. pseudotuberculosis are predominantly observed in sheep and
goats and infections by this pathogen, although rare, have been reported
to occur in humans [6–8]. In macrophages, C. pseudotuberculosis is
exposed to an environment rich in reactive oxygen and nitrogen species
(ROS and RNS, respectively) [9] in addition to those it endogenously
generates during metabolism. These molecules interact with DNA
ultimately causing different types of damage including the formation
of modiﬁed bases, formation of abasic sites, and strand breaks, with
cytotoxic or mutagenic effects on the cell [10,11]. Organisms have
evolved various defense systems to protect their genomes from
oxidative DNA damage; the base excision repair (BER) mechanism is
the major repair pathway for the oxidized DNA bases and is initiated
by DNA glycosylases. 7,8-dihydro-8-oxo-2′-deoxyguanosine (8-OxoG),
one of themost stable oxidized purines, has themost deleterious effects
because it can mispair with adenine during DNA replication [12,13].
The adenine/guanine-speciﬁc DNA glycosylase (MutY) [EC 3.2.2] plays
an important role in the BER pathway and prevents DNA mutations
resulting from the presence of the oxidatively damaged 8-OxoG. This
guanosine derivate can mispair with 2′-deoxycytidine 5′-triphosphate
or with 2′-deoxyadenosine triphosphate during DNA replication,
forming C*8-oxoG and A*8-oxoG mispairs. If uncorrected, the
A*8-OxoG mispairs can result in deleterious C:G to A:T transversions.
394 R.J. Eberle et al. / Biochimica et Biophysica Acta 1850 (2015) 393–400MutY, with its DNA glycosylase activity, excises adenine paired with
guanine or 8-OxoG.
A unique feature of the MutY protein family is that the enzymes
contain a [4Fe–4S]2+ cluster [14–17]. This cluster forms a cuboidal
structurewhere the iron and sulﬁde ions are arranged in two overlapping
tetrahedrons. The four iron atoms of the cluster are coordinated via a
conserved and unique spacing of cysteine thiolates, Cys-X6-Cys-X2-Cys-
X5-Cys. The [4Fe–4S]2+ cluster connects two subdomains of the MutY
proteins, a 4α-helical domain with a 6α-helical bundle, containing a
helix–hairpin–helix motif [15]. In the present study, we investigate the
C. pseudotuberculosis MutY by employing a host of spectroscopic tech-
niques (UV, vis, ﬂuorescence, circular dichroism (CD)) and differential
scanning calorimetry (DSC), to probe the role of the [4Fe–4S]2+ cluster
in the stability of the protein under different chemical and thermal
conditions.
2. Material and methods
2.1. In silico analysis
Sequence alignments of different MutY proteins were performed
with the ClustalW2 online Tool [18] and the secondary structure of
the protein was predicted with the PSIPRED server [19,20].
The atomic coordinates of MutY from E. coli (PDB: 1KG7) were used
as a template in comparative modeling by the satisfaction of spatial
restraints as implemented in the program Modeller 9v13 [21] to model
the structure of MutY (Uniprot:D9Q4I3). Due to the poor correlation,
the N-terminal amino acids 1–10 and the C-terminal amino acids
222–295 of C. pseudotuberculosisMutY were deleted.
2.2. Cloning
The MutY gene was ampliﬁed from genomic DNA of
C. pseudotuberculosis (1002) through PCR using 5′-GGATCCGTGA
CATTGCACTCAGGTA-3′ and 5′-CTCGAGCCTGGGCAGATGGAAAAAA-3′
oligonucleotides which have restriction sites for BamHI and XhoI
enzymes, respectively. The fragment was puriﬁed from an agarose gel
and cloned into the pGEM-T Easy propagation vector (Promega) to
yield the pGEM-CpmutY construct. The construct was subsequently
digested with BamHI and XhoI enzymes and the fragment released was
subcloned into the pET-21a expression vector (Novagen), yielding the
pET-CpmutY construct. The clonal sequence was conﬁrmed by DNA
sequencing analysis, performed on a MegaBACE 1000 automated
sequencer (GE Healthcare) at the Nucleus for Genome Analysis and
Gene Expression (NAGE) of the Biological Sciences Institute, at the
Universidade Federal de Minas Gerais.
2.3. Expression and puriﬁcation
E. coli BL21 (DE3) pLysS (Invitrogen, USA) cells were transformed
with the MutY pET-21a construct. Single colonies were picked and
grown overnight in Luria–Bertani medium supplemented with 0.5 M
sorbitol and 1 mM betaine. The bacterial culture was diluted to 1:100
and grown at 37 °C until theOD600 reached 0.5. Expressionwas initiated
with 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and the cells
were grown for 20 h at 18 °C before harvesting. The cell pellet was
suspended in buffer A (50 mM Tris buffer pH 7.5, 500 mM NaCl, 10%
glycerol, 20 mM imidazole), sonicated and centrifuged at 50.000 ×g
for 1 h at 4 °C. The soluble fraction of the lysate was applied onto a
Ni–NTA column previously incubated in buffer A. The bound sample
was washed extensively in buffer A with an increasing imidazole
gradient. MutY eluted at 250 mM imidazole, the purity of the sample
was assessed on SDS–PAGE [22]. The elution fraction was injected
onto a Superdex 75 10/300 GL (GE Healthcare) size exclusion column
pre-equilibrated with buffer B (20 mM Tris pH 8.0, 150 mM NaCl). The
purity of the sample was assessed by SDS–PAGE gels [22].2.4. Ultraviolet–visible spectroscopy (UV–vis)
For the UV–vis spectroscopy measurements a Cary 3Bio UV-visible
spectrophotometer (Varian, USA) was used. The protein concentration
was 60 μM in 50 mM K2HPO4/KH2PO4 pH 8.0 and 150 mM NaCl. The
measured wavelength was between 300 and 600 nm. Cuvettes of
1.0 cm path length were used for the experiments.
The pH inﬂuence of the protein was investigated in 50mMK2HPO4/
KH2PO4 pH 8.0 and 150 mMNaCl. The protein concentration was 6 μM.
The cuvette had a path length of 5 cm. The protein solution within the
cuvette was stepwise titrated with conc. HCl to pH 3.0 and each
30 min a measurement was performed.
2.5. Circular dichroism spectroscopy (CD)
CDmeasurementswere conducted in a Jasco J-701 spectropolarimeter
(Jasco, USA). Far-UV spectra were measured from 200 to 260 nm range
and near-UV spectra from 250 to 700 nm range. Protein concentration
used for the far-UV CD measurements was 10 μM and for the near-UV
measurements 116 μM. Cells of 1.0 cm path length were used for the
measurements of the far- and near-UV spectra, respectively. 15 repeat
scans were obtained for each sample and ﬁve scans were conducted
to establish the respective baseline. The averaged baseline spectrum
was subtracted from the averaged sample spectrum. The protein was
dissolved in 20mMK2HPO4/KH2PO4 pH 8.0 and 50mMNaCl. For inves-
tigation of EDTA inﬂuence a 0.5 M EDTA stock solution was used and
dissolved with the protein solution and the corresponding buffer to an
end-concentration of 1 mM EDTA. The protein was incubated with the
EDTA at 4 °C for 10 min, 1 h, 24 h and 48 h. As a control, the pH values
of the protein solutions were determined before and after each mea-
surement. The inﬂuence of different ions was determined for cobalt
chloride, cadmium chloride, zinc sulfate, lithium sulfate, and copper
sulfate. The ion stock-solutions had a concentration of 100 mM and
were dissolved with the protein solution and the corresponding buffer
to obtain a ﬁnal concentration of 1 mM. The inﬂuence of the pH on
the secondary structure of MutY was checked using KCl–HCl
(pH 0.5–1.5), Gly–HCl (pH 2.0–3.5), sodium acetate (pH 4.0–5.5), sodi-
umphosphate (pH 6.0–8.0) and Tris–HCl (pH8.5–10.0). Concentrations
of all buffers were 50 mM. A stock solution of the protein was added to
the appropriate buffer. The mixture was measured after 1 h at 4 °C. Re-
sults are expressed asmolar ellipticity [θ] (deg cm2 dmol−1), calculated
from the following formula [θ]λ= θ / [c] ∗ l ∗ 10 ∗ n, where θ is themea-
sured ellipticity in degrees at wavelength λ, c is the protein concentra-
tion in mg ml−1, l is the light path length in centimeters and n is the
number of amino acids. For the analysis of the CD data the program
CDPro [23] was used.
2.6. Differential scanning calorimetry (DSC)
TheDSC experimentswere performed on N-DSC III (TA Instruments,
USA) in the range of 20–90 °C with a scan rate of 1 °C/min. For the DSC
experiments the protein concentrationwas 20 μMand the buffer for the
measurements contained 50 mM K2HPO4/KH2PO4 pH 8.0 and 150 mM
NaCl. Both the calorimeter cells were loaded with the buffer solution,
equilibrated at T = 20 °C for 10 min, and scanned as previously
mentioned. The buffer scans were repeated till the baseline was repro-
ducible. After, the sample cell was rinsed and loaded with MutY and
then scanned in the same range. The excess heat capacity versus
temperature scan for the protein transitionwas obtained by subtracting
the corresponding scan of buffer versus buffer from that of the protein
solutions versus buffer.
2.7. Fluorescence spectroscopy
The intrinsic Trp ﬂuorescencewasmeasuredwith an ISS PC1 steady-
state spectroﬂuorimeter (Champaign, IL, USA) equipped with a quartz
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excitation and emission bandwidths were set at 8.0 nm. The
excitation wavelength at 295 nm was chosen since it provides no
excitation of tyrosine residues. The emission spectrum was collected
in the range of 305–500 nm with the increment of 1 nm. Each point
in the emission spectrum is the average of 10 accumulations. The
protein solution had a concentration of 8 μM and the measuring
volume was 2 ml. The buffer for the experiment contained 50 mM
K2HPO4/KH2PO4 pH 8.0 and 150 mM NaCl. During the investigation
of the pH of MutY, the protein solution within the cuvette was
stepwise titrated with conc. HCl to pH 3.0 and each 30 min a measure-
mentwas conducted. Themeasurement of thermal unfoldingMutYwas
performed in the range of 20–85 °C with increments of 5 °C. The native
protein fraction (fN) was calculated according to the following
equation:
fN ¼ F–FUð Þ= FN–FUð Þ
where F, FN and FU are the steady-state ﬂuorescence intensities of Trp
at each temperature investigated, at the ﬁrst (native protein) and the
last (unfolded protein) temperature, respectively. The unfolded
protein fraction can be calculated as follows: fU = 1 − fN. The tem-
perature at which fN = fU is called melting temperature or
transition midpoint (Tm). Using the two-state transition model for
the unfolding protein and calculating equilibrium constant between
the native (folding) and denatured (unfolding) states of the protein,
Keq = fU / fN, the enthalpy (ΔHU) and entropy changes (ΔSU) of the
unfolding reaction using van't Hoff plot and ΔSU = ΔHU / Tm can be
determined, respectively.Fig. 1. Sequence alignment of MutY from C. pseudotuberculosis (ADK29561.1), C. ulcerans (B
(AGF73423.1) and E. coli (AAA72957.1; PDB: 1KG7). The asterisk highlights the FCL motif, th
with the phosphate backbone of the substrate [25].3. Results and discussion
3.1. Sequence analysis and molecular modeling
A blast search of the C. pseudotuberculosis MutY indicated a highly
conserved protein sequence within the genus Corynebacterium, with a
sequence identity of up to 93% (C. ulcerans) (Fig. 1). TheMutY sequence
alignment across the bacterial genera conﬁrms the conservation of
motifs which are important for protein speciﬁc functions and structure,
such as the Fe–S cluster building FCL motif and the helix–hairpin–helix
DNA-bindingmotif [16]. The Fe–S cluster-containing proteinMutY from
C. pseudotuberculosis possesses a highly conserved FCLmotif, (Cys-(Xaa)
6-Cys-(Xaa)2-Cys-(Xaa)5-Cys) [14], formed by Cys 197, Cys 203, Cys
206 and Cys 212 (Fig. 1). This FCL motif is required for the formation
of the Fe–S cluster which, in the MutY family is the [4Fe–4S]2+ cluster
interlinking two protein subdomains [15,14,24].
Although the sequence alignment between C. pseudotuberculosis
MutY with the structure of E.coli MutY (PDB: 1KG7) is only around
31%, the molecular model of C. pseudotuberculosis MutY shares a high
structural homology with the E.coli MutY (Figs. 2A and Fig. B, C
Supplementary material).
Even though the sequence identity is low, the C. pseudotuberculosis
and E. coli proteins possess a highly conserved fold. The MutY model
shows the typical helix–hairpin–helix (HhH) motif of the DNA repair
enzyme superfamily, with an all-α helical fold comprised of two
domains: a six-α helix barrel domain and a four-α helix domain that
is structurally coordinated by the [4Fe–4S]2+ cluster. These domains
possess an electrostatically positive surface that binds DNA. This archi-
tecture is a characteristic of the canonical Endo III HhH glycosylase
fold that is encountered in the large superfamily of DNA repair
glycosylases [26]. Interestingly, the presence of a [4Fe–4S]2+ cluster inAM28184.1), C. diphteriae (AEX81840.1), C. glutamicum (AGT06387.1), C. halotolerans
e black bar indicates the helix–hairpin–helix (HhH) DNA-binding motif which interact
Fig. 2.Homologymodel of C. pseudotuberculosisMutY. A: superposition of the C. pseudotuberculosisMutY model in turquoise and the E. coliMutY structure (PDB: 1KG7) in gray, the Fe–S
(SF4) cluster is highlighted. B: superposition of the four cysteine residues of the FCL-motif. C: superposition of the FCL-motif with coordinated SF4 cluster. D: sequence alignment of
C. pseudotuberculosisMutY and E. coliMutY, the conserved cysteine residues of the FCL-motif colored in red.
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clusters are commonly encountered in proteins involved in electron-
transfer reactions [27].
3.2. Expression and puriﬁcation
MutY from C. pseudotuberculosis was cloned with a 6x-histidine
afﬁnity tag and expressed in E. coli BL21 (DE3) pLysS cells. The highestprotein expression levels were obtained by induction overnight with
0.5 mM IPTG at 20 °C. The protein consists of 301 amino acids with a
molecular weight of 33.703 Da as calculated from its amino-acid
sequence. The puriﬁed protein was present as a single band with a
mass of 35 kDa on SDS–PAGE gels (Fig. A (Supplementary material)),
which is in agreement with the full length protein in fusion with the
N-terminal 6x His tag. The fraction containing the protein was brown–
yellow in color indicating the presence of Fe–S clusters, even after
Fig. 3.Characterization ofMutY. A: UV–vis spectra ofMutY between 300 and 600nm,with
the characteristic absorbance for [4Fe–4S]2+ proteins around 420 nm.
397R.J. Eberle et al. / Biochimica et Biophysica Acta 1850 (2015) 393–400puriﬁcation [28]. Dynamic light scattering experiments indicated a di-
meric state in solution for the recombinant protein (data not shown),
as observed for one homologous MutY protein in the crystal struc-
ture [15].
3.3. Determination of the Fe–S cluster in MutY by UV–vis scanning
TheUV–vis spectra of the recombinant produced C. pseudotuberculosis
MutY presented in Fig. 3 possess a characteristic broad peak between 350
and 450 nm centered around 410 nm, which is attributed to the
thiolate to iron charge transfer transitions from cysteines ligating
the [4Fe–4S]2+ cluster [24,29].
3.4. Investigation of the secondary and tertiary structure of MutY using CD
spectroscopy
The far-UV and near-UV spectra of native C. pseudotuberculosisMutY
are presented in Fig. 4.
The far-UV CD spectrum of MutY is characterized by the presence of
two relativeminima at 208 and 224 nmsuggesting the presence of large
α-helical content in its secondary structure. The near-UV CD spectrum
of MutY revealed two characteristic maxima at 330 and 420 nm as de-
scribed earlier for [4Fe–4S]2+ cluster containing proteins [30,31]. A sec-
ondary structure prediction for C. pseudotuberculosis MutY with the
online tool PSIPRED [19,20] demonstrated that the dominant secondary
structure elements are α-helices and coiled regions. The predicted α-
helical amount is 51%, coiled regions 47% and β-sheet 2%.Fig. 4. CD spectroscopic measurements of C. pseudotuberculosisMutY. A: far-UV CD spectrum of
and 224 nm and suggests the presence of a highα-helical content in the secondary structure o
and 600 nm.The results of the secondary structure prediction of MutY corre-
spond to the results of the far-UV CD measurements that show a high
α-helical and random coiled content in the secondary structure of
MutY. The analysis of the CD results with the program CDpro [23]
showed for MutY 60% α-helices, 34% coiled regions and 7% β-sheet.
Both methods indicated a high α-helical and random coiled content in
the secondary of the protein, these results are in agreement with the
existing 3D structures of the MutY proteins that contain a high amount
α-helices (N60%) in the secondary structure [14,24].
3.5. Investigation of chemical inﬂuence on the [4Fe–4S]2+ cluster and sec-
ondary and tertiary structure of MutY
Protein conformational changes and the inﬂuence on the Fe–S clus-
ter induced by altering the net charge through pH titrations, the inﬂu-
ence of EDTA and different ions were monitored using the far-UV and
the near-UV CD spectroscopy, UV–vis spectroscopy and ﬂuorescence
spectroscopy.
A weak EDTA effect on the near-UV CD spectra was observed after
incubation for 24 h, after incubation for 48 h, the iron–sulfur cluster
was completely destabilized. In contrast, a reduction of 60% in the
MutY far-UV CD spectra after incubation for 24 h was observed
(Fig. 5A and B). During unfolding processes, the Fe–S cluster protein fer-
redoxin, forms transient states in which the polypeptide suffers confor-
mational rearrangements to maintain contacts with the iron–sulfur
clusters [32,33]. This attribute of a Fe–S containingprotein could explain
the observed EDTA effect of MutY where the secondary structure dis-
solved almost completely after 24 h and the polypeptide chain reorga-
nizes in a conformation that maintains contact with the Fe–S cluster,
the observed tertiary structural changes are slow compared to the sec-
ondary structural changes of the protein.
Cobalt chloride, zinc sulfate, copper sulfate and cadmium chloride
ions showed a strong effect on the secondary structure of MutY
(Fig. 5C). The strongest effects were observed for 1 mM copper sulfate
that completely destroyed the iron–sulfur cluster in the appropriate
near-UV CD spectrum (Fig. 5 D) and the secondary structure in the
far-UV regions. It was shown before, that cadmium (II),mercury (II), sil-
ver (I), zinc (II) and copper (I) had a destructive effect on Fe–S cluster
containing proteins [34].
Copper ions showed the strongest effect on the MutY protein,
followed by cadmium, cobalt and zinc ions. Heavy metal cations may
cause toxicity by tight association with sulfhydryl groups of proteins
[35]. The ions displace the iron in the cluster and interactwith the sulfur
as observed before.
In contrast, lithium sulfate shows no strong denaturing effect on the
protein and a decrease of the α-helical content and an increase in the
random coiled fractionwere observed (Fig. 5C). Inclusion of lithium sul-
fate resulted in a stepwise decrease of the intrinsic Trp ﬂuorescence at
295 nm (data not shown). This effect of lithium on proteins has beenMutY from 200 to 260 nmwavelength. The far-UV CD spectrum shows twominima at 208
f MutY. B: near-UV CD spectrum and tertiary structure “ﬁngerprint” of MutY between 300
Fig. 5. CD spectroscopic measurements ofMutY. A: Far-UV CD spectra of MutY under the inﬂuence of 1 mM EDTA incubated for 48 h (green line) compared with native MutY (black line)
and the buffer+ 1mMEDTA (red line). B: Near-UVCD spectra ofMutY under the inﬂuence of 1mMEDTAwere incubated for 10min, 1 h, 24 h and 48 h and the buffer+1mMEDTA (red
line). C: Far-UV CD spectra of MutY under the inﬂuence of 1 mM cobalt chloride, cadmium chloride, zinc sulfate, lithium sulfate, and copper sulfate. D: Near-UV CD spectra of MutY under
the inﬂuence of 1mM ions as described earlier. E: Far-UV CD spectra of MutY under the inﬂuence of pH 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0. F: Near-UV CD spectra ofMutY under
the inﬂuence of pH 1.0 to 10.0.
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carboxylate groups present on the protein surface [38].
MutY possesses a high stability in the pH 2.0 to 10.0 range as evi-
denced by the far- and near-UV CD spectra (Fig. 5E and F). Interestingly,
at pH 4.0 the secondary structure content changes from α-helical to
β-sheet, in which the near-UV CD spectrum seems unaffected. UV–vis
and intrinsic Trp ﬂuorescence spectroscopy experiments conducted
at pH 3.0 on the MutY Fe–S cluster indicated that after 4 h the
[4Fe–4S]2+ cluster was completely destroyed (Fig. 6).
Intrinsic tryptophan (Trp) ﬂuorescence and red edge excitation shift
(REES) were used to evaluate the Trp conformational freedom and
ﬂexibility. MutY has nine Trp, in the native state the emission is partiallyquenchedby themetal center [38] and the surrounding amino acids [37,
38]. The maximum Trp emission in MutY at pH 8.0 was centered at
330 nm, at pH 3.0 this emission band shifted to 340 nm. This indicates
a partially disordered conformation in the protein due to the loss of sec-
ondary and tertiary structure, permitting water penetration near some
of the tryptophan residues, which results in a red shift in the emission
spectra maximum [37]. The far-UV CD spectra of the protein at pH 3.0
indicated an increased amount of unfolded regions (Fig. 5E) however;
α-helical regions are still present. In addition MutY in pH 3.0 exhibits
an increase of 40% in the Trp ﬂuorescence intensity relative to the pro-
tein at pH8.0. This result indicates the possible release of intramolecular
quenching of tryptophan ﬂuorescence through the Fe–S cluster.
Fig. 6. Inﬂuence of pH 3.0 of theMutY Fe–S cluster. A: UV–vis spectroscopy of MutY under
the inﬂuence of pH 3.0 during 4 h incubation. The Fe–S cluster disassembles completely
but very slowly over a time period of 4 h. B: Fluorescence spectroscopy of Trp at 295 nm
in MutY. In pH 3.0 is a red edge excitation shift (REES) of Trp visible, and the tryptophan
was moved from a hydrophilic to a hydrophobic environment.
Fig. 7.Thermal investigation ofMutY by intrinsic Trpﬂuorescence spectroscopy andDSC. A: Intr
ﬂuorescence is observed and indicates the denaturation of the protein. B: Plot of the native pro
decrease and fU increase, on the intersection of both curves themelting temperature (Tm) of 45 °
of MutY, the thermogram shows a strong exothermic reaction at around 45 °C.
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secondary and tertiary structure of MutY
Temperature is a standardmode of protein denaturationmethod, and
structural changes can induce and hence provide ample information.
Thermal experimentsweremonitored by intrinsic Trp ﬂuorescence spec-
troscopy and DSC. The intrinsic Trp ﬂuorescence decreases by increasing
the temperature from 20 °C to 85 °C (Fig. 7A). A shift in the Trp emission
as described at pH 3.0 inﬂuence over time (Fig. 6B) was not observable.
The fraction of the native protein (fN) decreases during increasing of
the temperature and the fraction of the unfolded protein (fU) increases
during the same process. The intersection of both curves shows the
transition midpoint (Tm) of MutY at 45 °C (Fig. 7B). The thermal
unfolding reaction of MutY is irreversible and the protein was degraded
after the experiments. Based on this experiment and using van't Hoff
plot the values of ΔHU and ΔSU were 96 kJ/mol and 302 J/mol.K
(Fig. 7C), respectively.
Additionally, DSC was used to observe the MutY thermal transition.
The thermogram of MutY is dominated by a strong exothermic reaction
centered at 45 °C that are likely arising from chemical reactions involv-
ing Fe–S compounds released by the protein upon thermal unfolding
[39]. The transition midpoint of C. pseudotuberculosis MutY (45 °C) is
similar to the Tm of the E. coliMutY with 46 °C [16].
4. Conclusions
DNA repair mechanisms in C. pseudotuberculosis remain poorly
understood and research in this area can contribute to narrow the
search for molecular targets against lymphadenitis. In silico analyses
of DNA repair pathways of 15 Corynebacterium species, including
C. pseudotuberculosis demonstrated that genes involved in oxidative
damage repair, such as fpg/mutM (formamidopyrimidine-DNA
glycosylase), nth/mutY (endonuclease III), nei/endoVIII (endonuclease
VIII), and xht/exoIII (exonuclease III), are highly conserved, beinginsic Trpﬂuorescence at 295nmat increasing temperature (20–85 °C) a decrease in the Trp
tein fraction (fN) and the unfolding protein fraction (fU). With increasing temperature fN
Cwasdetermined. C: van't Hoff plot of theMutY thermal denaturation.D:DSC thermogram
400 R.J. Eberle et al. / Biochimica et Biophysica Acta 1850 (2015) 393–400present in all investigated species. This suggests that repair of oxidative
lesions is essential to ensure genomic stability and survival of these
organisms [40].
The Fe–S cluster containing DNA repairing protein MutY from
C. pseudotuberculosis was overexpressed and puriﬁed. The presence of
the Fe–S cluster was demonstrated by UV–vis experiments and CD
spectroscopy. These experiments indicated high content of α-helices
and random coiled structures. These results are in agreement with
secondary structure predictions and the available 3D structures of
MutY proteins. Except for lithium, EDTA and other ions have a strong
effect on the protein and the Fe–S cluster stability. Especially between
pH 3.0 and pH 4.0 the protein undergoes a slow cluster disassembling
effect suggesting large structural rearrangements. Thermal unfolding
studies by two independent methods indicated a Tm of 45 °C. The
chemical and the thermal inﬂuence on the binding behavior of MutY
to DNA or related molecules will be very interesting to investigate in
future research.
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